1 The spatial pattern of vegetation heterogeneity across different scales may indicate the major environmental controls on vegetation structure, and thus guide strategies for the conservation of biodiversity. 2 We analysed cross-scale vegetation patterns in a 90 000-km 2 area of natural grasslands in the Flooding Pampa, Argentina. We assessed the contribution of regional (latitudinal) and landscape (topographic) patterns of species turnover to overall heterogeneity using data from 749 censuses. 3 A large proportion of the variation in species composition across the entire region was observed at very fine spatial scales (0.1-10 km 2 ), associated with subtle topographic features and soil salinity gradients. Latitudinal variation played a secondary role. 4 Species turnover among stands occupying different landscape positions at the same latitude was 50% greater than among inventories encompassing two degrees of latitude. The fine-grain heterogeneity determined that an area of 10 km 2 was often sufficient to include 50% of all vascular plant species of the region. 5 Although a large proportion (nearly 70%) of the vascular flora was composed of rare (satellite) species that occurred in less than 10% of the samples, few core species (i.e. those occurring in more than 90% of the samples) were seen at any scale of analysis. 6 Latitude contributed most clearly to variation in species composition among the zonal communities located in well-drained soils where differences in relative cover of C 3 and C 4 grasses were seen. However, photosynthetic pathways still varied more along salinity or topographic gradients than across regions. A latitudinal pattern in abundance of the different Poaceae tribes was also consistent with their climatic classification. 7 Alpha diversity showed a threefold variation among different stands within a landscape: it increased from low topographic positions and high soil salinity to high topographic positions and low salinity. However, it was constant among surveys within the region. 8 Nearly 25% of the species were exotic, mostly European, whose invasion was promoted by livestock grazing. Compared with the native species, exotics were consistently enriched in annuals, particularly forbs, across latitude, and were less tightly associated with landscape heterogeneity than native species.
Introduction
Vegetation spatial patterns are closely linked to the concept of scale, which is a function of both the 'grain' and the 'extent' of variation. The former refers to the size of the individual units of variation, while the latter refers to the size of the system (Allen & Hoekstra 1991; Turner & Gardner 1991) . Holding the grain constant, an increase in extent may increase spatial variation because new patch types are included (Wiens 1989) . In this broader scale, regional patterns may become stronger than local patterns. Alternatively, environmental constraints operating at fine scales may determine patterns of vegetation so strong that they propagate across broader scales, as particular small-scale vegetationenvironment relations are repeated over larger spatial extents. Discriminating between these two forms of scale-dependency increases our ability to perform crossscale extrapolations, to develop conceptual models of vegetation variation along environmental gradients, to understand the organization of plant communities and to implement conservation or restoration policies (Collins et al . 1993; Reed et al . 1993; Chaneton et al . 1996; Hoagland & Collins 1997; Palik et al . 2000) .
In this paper we investigate vegetation patterns at landscape and regional scales in the Flooding Pampa, a 90000-km 2 area in southern South America (Soriano et al . 1992 ). Most of the area (80%) is still covered by natural grasslands because the soil quality and flooding regime have limited land use to extensive range-land (León et al . 1984) , although grazing and regional drainage projects currently threaten its biodiversity. Four similar phytosociological studies have been carried out at different latitudes (range 35 ° 20 ′ S to 37 ° 20 ′ S, Fig. 1 ) and describe vegetation heterogeneity at the landscape scale (León et al . 1979; Batista et al . 1988; Burkart et al . 1990; Burkart et al . 1998) . In this study, we have undertaken a synthesis of vegetation heterogeneity over the entire region and explore the relative importance of species turnover associated with latitudinal gradients and with landscape-scale variation.
First, we analysed how heterogeneity in species composition was associated with particular spatial scales. Our approach was to generate an overall classification of all vegetation samples from the four inventories and thus define plant community types and larger vegetation units for the whole region. If vegetation heterogeneity were mainly determined by regional-scale gradients, community types or vegetation units would correspond with latitudinal ranges more than with landscape features, and species turnover would be smaller within than between vegetation inventories. McNaughton (1983 McNaughton ( , 1994 decomposed the heterogeneity of the Serengeti ecosystem, which covers an area a quarter of the size of the Flooding Pampa. He found that the diversity among community types located along habitat-gradients in the landscape was about twice the variation among landscapes of the region. The North American tall grass prairie has a climate that more closely resembles our study region, and there, species turnover across topographic or disturbance gradients within the Konza Prairie site (Gibson & Hulbert 1987) was between one-half and one-fourth the turnover among sites located along gradients of 3-8 degrees of latitude (Diamond & Smeins 1988) .
Secondly, we investigated whether the Flooding Pampa grassland communities are organized according to either of the two currently accepted models of hierarchical structure of species composition (Collins & Glenn 1991) . The niche-based model (Brown 1984) states that across an entire, environmentally heterogeneous region, most species will be restricted to a relatively reduced number of sites and only a few or none will be found in all samples. In contrast, the core-satellite model (Hanski 1982) incorporates plant demography and stochastic environmental variation to predict that at any time there is a group of core species that are found in nearly all sites (90-100%) within a region, and a group of satellite species found in only a few sites. The first model may apply to large regions, whereas the second model is consistent with data from smaller areas such as the 30-km 2 Konza Prairie (Collins & Glenn 1991) . We explored the frequency distributions of species among sites at different scales to search for bimodalities that identify core species.
Thirdly, we constructed a regional species-area curve (Rosenzweig 1995) to show how species diversity was spatially distributed. This type of analysis results in a graphical representation of the scale-dependency of biodiversity, and helps define the area that must be conserved to protect a desirable amount of the regional diversity (Palmer & White 1994; Rosenzweig 1995) .
Fourthly, we explored the regional and landscape-level variations of major species groups or plant functional types that may be indicators of ecosystem processes, such as biological invasions or seasonality production. Exclosure studies at a single site have shown that grazing promotes dominance of short-lived species and facilitates the invasion and persistence of exotic planophile forbs, mostly annuals (Sala et al . 1986; Rusch & Oesterheld 1997) . We therefore evaluated the relative contribution of exotic species across the region and studied the proportion of growth forms or plant functional groups in the native and exotic flora. Previous studies have suggested that both regional climatic factors and local environmental variations are of primary importance in determining the contribution of species León et al. (1984) . M = Magdalena-Brandsen counties (León et al. 1979) ; C = Castelli-Pila-Rauch counties (Burkart et al. 1990 ); A = Gral. Madariaga-Ayacucho counties (Burkart et al. 1998 ); L = Laprida region (Batista et al. 1988 ). with different photosynthetic pathways or taxonomic relations in both temperate and tropical regions. Several studies at a continental scale have shown a close association between relative abundance of C 3 and C 4 species and latitude or temperature (Hattersley 1983; Diamond & Smeins 1988; Paruelo & Lauenroth 1996; Epstein et al . 1997) . Similarly, some tribes within the Poaceae , like Paniceae and Andropogoneae , occupy areas with higher mean temperature than others, like Stipeae and Eragrosteae (Burkart 1975) . At landscape-level scales, a greater proportion of C 4 grass species is found in microsites characterized by lower levels of shade and drier soils (Terri & Stowe 1976 ), while C 3 species are more abundant on fine-textured soils with relatively high moisture levels (Barnes & Harrison 1982) . We compared the relative cover of C 3 and C 4 grasses along environmental gradients operating at landscape and regional scales in the Flooding Pampa, which is located between the C 4 -dominated subtropical Campos grasslands to the north and the C 3 -dominated Pampa Austral and Patagonia to the south (Soriano et al . 1992 ).
Methods

 
The Flooding Pampa is a large subregion at the centre of the Pampas in Argentina (Fig. 1 ). Its climate is temperate-humid, with mean annual temperatures ranging from 13.8 ° C in the South to 15.9 ° C in the North. Mean annual precipitation ranges from 850 to 900 mm. The minimal general slopes in the region have prevented the development of a hydrologic network and, under the present humid conditions, groundwater remains near the soil surface for long periods in winter and spring (Paruelo & Sala 1990; Sierra & Montecinos 1990) . Such flooding is heterogeneously distributed in space, according to subtle topographic variations of a few centimetres (Chaneton 1995) . In summer, however, soil water content decreases and water deficits frequently occur, also with a strong spatial pattern (Sala et al . 1981; Lavado & Taboada 1987) . As a result of this topographic heterogeneity, more than 60% of the soils of the Flooding Pampa are azonal, halo-hydromorphic complexes and associations strongly influenced by flooding (Natraquolls, Natraqualfs, Natralbolls, and Argialbolls) with zonal, well-drained soils (Hapludols and Argiudolls) restricted to the highest areas.
Vegetation is arranged as a complex mosaic of herbaceous plant communities (Burkart et al . 1990 ). Species composition responds to local variations in topography and soil salinity, but it has also been shaped by a century of livestock grazing (León et al . 1984; Sala et al . 1986 ) which has not only modified native species composition, but has also favoured the introduction of a number of exotic species. Scattered vegetated ponds dominated by species of Typha , Zizaniopsis , or Scirpus and cultivated areas (which occur only on well drained soils) do not form part of our study.
 
We compiled a single database from four inventories that encompass the entire region (León et al . 1979; Batista et al . 1988; Burkart et al . 1990; Burkart et al . 1998 ; Fig. 1 ). They extend over two degrees of latitude and have similar mean annual precipitation but differ in mean annual temperature and seasonality (Table 1) . Each inventory was preceded by a detailed analysis of aerial photographs (scale = 1 : 20 000), to identify the major landscape elements and physiographic units. Vegetation samples were taken in the field from the identified physiographic units, excluding situations with current or recent agricultural use ( < 5-10 years). Each vegetation sample consisted of a complete list of the vascular plants present in the whole stand ( c . 0.25 ha) and an estimation of species cover within an area of 25 m 2 , together with a record of its physiographic landscape position. Sampling was in early summer, when most species are present and easily identifiable through their reproductive organs.
In order to determine and describe the variation in species composition across different spatial scales, we used three complementary approaches. First, we estimated beta diversity (Magurran 1988 ) among observations within 40 random samples in each inventory and among the four inventories (i.e. the total number of species divided by the average number of species per observation or per inventory) to assess species turnover at landscape and regional scales, respectively. Because beta diversity may be influenced by the sample size, which determines their maximum value, the two estimates were based on similarly small samples ( n = 4).
The second approach was the classification of all the observations into community types and vegetation units. Community types were derived using the unweighted pair-group average method (UPGMA) (Kaufman & Rousseeuw 1990 ) with Sorensen's similarity coefficient (Goodall 1973) calculated from presence-absence data in the 749 vegetation censuses. Only those species which presented high values of Jancey's (1979) discriminant coefficient ( > 3.0), were classified, to obtain floristic groups, using the complete linkage algorithm with Pearson's correlation coefficient. Community types Table 1 Mean latitude and climatic characteristics for each inventory (see Fig. 1 ). Climate data correspond to 20-year records (1961-80) and the floristic groups were ordered simultaneously through concentration analysis (Feoli & Orlóci 1979) using frequency data of species groups in the communities, to obtain a partial ordered constancy table (Mueller-Dombois & Ellenberg 1974) . We classified community types into vegetation units using the same fusion algorithm and distance measure used to classify observations, but calculated on the basis of the frequency of each species in each community type (constancy). Association of community types or vegetation units with particular inventories would indicate that species composition had a strong regional variation, whereas inclusion of samples from several inventories would suggest that landscape-scale variation was stronger. Finally, correspondence analysis (Greenacre 1984 ) of presence-absence data of species in each sample unit was carried out in order to identify and describe the principal gradients in species composition. The centroids of community types separated for each inventory were plotted on the three principal axes and inspected to determine whether the major sources of variation were regional or local.
In order to test Brown's and Hanski's models, we calculated frequency distributions of species presence at different scales and in relation to different amounts of habitat heterogeneity. We compared patterns at the scales of the entire area, within an inventory, and within a 10-km 2 area inside the same inventory. We also compared distributions for different amount of habitat heterogeneity: the entire region, within a vegetation unit, within a community type in the same vegetation unit, and within stands in the same community type that shared a single dominant species. For each frequency distribution, we tested bimodality by the method proposed by Tokeshi (1992) and recently used by Collins & Glenn (1997) and Guo et al . (2000) . Under the null hypothesis of a uniform distribution over frequency classes, we calculated the probability of the presence of as large or larger numbers of species in the two observed extreme classes (P c ). If P c was below 0.05, we calculated, under the same null hypothesis, the probability of the observed frequency for either the left-or right-most class (P l and P r , respectively). If both P l and P r were below 0.05, the distribution was considered bimodal (supporting Hanski's model), whereas if only P l was below 0.05, the distribution was considered unimodal (supporting Brown's model) (Collins & Glenn 1997) .
We built a species-area curve by calculating the cumulative number of species as area increased. We worked with a group of pilot areas, whose vegetation had been mapped at a scale of 1 : 20000 (Burkart et al . 1990) . We gradually increased the size of an observation window, starting from a single stand, and registered the expected number of cumulative species based on the community types that were included in the window, their average species diversity at the stand level, and the average beta diversity among community types and among stands of the same community type. We repeated the same procedure using four different starting points corresponding to distinct community types and/or inventories. This approach is a combination of nested and non-nested procedures for building species-area curves (Palmer & White 1994; Rosenzweig 1995) : the increase of area was nested and reflected the actual grain of habitat diversity, but the species diversity corresponding to that increase in area was based on average alpha and beta diversity values of the entire inventory. As the pilot areas had originally been mapped because they best represented the normal withinlandscape heterogeneity, we are confident that our species-area curves did not start from spots that were unusually heterogeneous. Once the area covered by the observation window exceeded the mapped pilot area, we added a single extra point for the area of the entire inventory and its cumulative species richness. We estimated the z -value of the species-area curve as the slope of the log-species vs. log-area relationship.
We compared the proportional contribution of different plant functional groups (annual grasses, perennial grasses, annual forbs, perennial forbs and shrubs) with the exotic and native flora between inventories, testing the hypothesis of homogeneity between inventories using chi-square tests (5 guilds × 4 inventories for native species, and 4 guilds × 4 inventories for exotics, because there are no exotic shrubs). For tribes in the Poaceae we compared the mean relative cover among inventories separately for each tribe (Kruskall Wallis one way  ), with P -values corrected according to the Bonferroni method for multiple comparisons. Regression curves were fitted to explore the response of floristic richness and relative cover of C 3 and C 4 species from the Poaceae family to landscape and regional gradients. The photosynthetic pathway (C 3 or C 4 ) was determined on the basis of published information (mainly Sánchez & Arriaga 1990 ) and relative cover was averaged for each vegetation unit and for each inventory. Soil properties at the level of vegetation units were represented by average pH values at 15-cm depth. Data were taken from studies with explicit descriptions of vegetation units (see Results). Most of them were carried out in the Flooding Pampa and report community types that correspond with those in our inventories. Only the data from Ragonese & Covas (1947) represent a different region, but their vegetation coincides remarkably with one of our vegetation units. For each vegetation unit we averaged soil reaction data from several studies to represent a scale similar to that of the present analysis. Relative topographic position for each community type was represented by the relative coordinates of its centroid in the first ordination axis of the correspondence analysis, with which, for community units in the central part of this region, it is closely correlated (León et al . 1975; Movia 1975) .
Results
Species turnover among stands occupying different landscape positions within an inventory was 50% greater than species turnover among inventories (beta diversity values Table 2 ). This indicates a stronger heterogeneity at the landscape than at the regional level. Each inventory included 46 -60% of the flora and there was therefore a large overlap of species among inventories.
The complete set of vegetation samples was classified into 11 community types and five vegetation units (Fig. 2) .
Most community types were found in at least three inventories, confirming that there was more heterogeneity at the landscape than at the regional level (Table 3 , Appendix I). Only three communities were exclusive to a single inventory (1 and 9 to the most northern, and 3 to the most southern inventory). The association of Table 2 Different indices of diversity for each latitude and the entire region. Alpha diversity is the average number of species per sample, beta diversity within inventories = total number of species in four sites/average number of species per site (averaged for 40 random samples of four sites in each inventory), and beta diversity between inventories (total set) = total number of species in the entire set/average total number of species per inventory (11) (12) Typic Natraqualfs
(1) Taboada & Panuska (1985) ; (2) community type 11 with the two northern inventories is not due to latitude, but rather to the presence of coastal salt marshes and fluvial valleys. The five vegetation units, defined at a 27% similarity fusion level, were: I: mesophytic meadows, II: humid mesophytic meadows, III: humid prairies, IV: halophytic steppes, and V: humid halophytic steppes (Fig. 2) . Each was clearly associated with particular landscape and soil attributes ( Table 4) . The low fusion level (13% similarity) at which vegetation units I and II (which correspond to highest and intermediate topographic position) combined with vegetation units III, IV and V (located in lowlands and depressions), indicates the strong composition differences associated with position in the landscape. The first two axes of correspondence analysis, which together accounted for 61.8% of the total variance, showed two principal gradients of species composition (Fig. 3a) . The first reflected the topographic gradient from uplands to lowlands and hence different flooding regimes in units I, II and III (Table 4 ). The second gradient represented by the transition from I to IV is clearly associated with increasing soil salinity and pH (Table 4) . Vegetation unit V, which is associated with salt marshes in both tidal areas and fluvial valleys and thus combines both halomorphic and hydromorphic conditions, lay between the more rigorous extremes of the two gradients. On the third axis, which explained 19.6% of variance, the species composition was ordered according to latitude (Fig. 3b ).
Alpha diversity also suffered a greater variation at the landscape than at the regional scale. The three community types within the mesophytic meadows (1, 2 and 3), were found in distinct inventories but showed minimal differences (5.8 species between 2 and 3) and no trend with latitude. Community types that occurred in more than one inventory also had minimal differences in alpha diversity among inventories (see min-max values in Table 3 ). In contrast, alpha diversity varied by a factor of 3.5 between community types (Table 3) , decreasing sharply from upland landscapes (unit I) to the lowest topographic positions (unit III) and soils with highest levels of pH and salinity (unit V). Species-richness increased significantly as relative topographic position increased (Fig. 4a ) and soil pH in the upper layer decreased (Fig. 4b) .
The shape of frequency distributions of species was a right-skewed exponential, with no signs of the bi-modality predicted by the core-satellite model of species distribution (Fig. 5) . The distributions were significantly unimodal, P c -values ranged from 10 -23 to 10 -10 , P l -values ranged from 0.96 to 0.99 and P r -values ranged from 10 -11 to 10 -15 in all cases (we tested 25 sets of samples within the 11 community types, the four inventories and within sites dominated by different dominant species). The pattern was similar for areas of very different sizes (Fig. 5a-c) . At the regional level, approximately 70% of the species were rare, occurring in less than 10% of the sites. The absence of a distinct group of core species (those occurring in more than 90% of the sites) may have been due to the strong habitat heterogeneity of this region. However, frequency distributions within particular vegetation units or community types showed the same unimodal pattern ( Fig. 5d,e ). Even when we deliberately searched for groups of samples with maximum percentage similarity in species composition or groups of samples that shared the same dominant species (as in Fig. 5f ), we did not find significant bi-modality in species distributions.
Although the high number of rare species suggested that diversity might be widely scattered, species-area curves showed high concentrations of species within comparatively small areas (Fig. 6 ). Nearly 50% of the regional flora should be found within areas of just 10 km 2 as the fine-grained heterogeneity of the landscape meant that such areas often contained stands of four or five community types and that these belong to several different vegetation units. The estimated z-value was 0.14 (SD = 0.0054).
The regional flora of exotic and native species showed different life-form composition and these differences were maintained across inventories (Fig. 7 , natives: chi-square = 5.84, d.f. = 12, P = 0.9; exotics: chi-square = 4.69, d.f. = 9, P = 0.8): 85% of the native species were perennials, with similar contribution of grasses and Fig. 6 Species-area curves: cumulative number of species in relation to increased area, starting from a single stand, in four different pilot areas (represented by distinct symbols). Boundary lines were drawn through the highest and lowest richness for a given area.
forbs, whereas 74% of the exotic species were annuals, 75% of them being forbs. All shrubs were native and constitute 6% of the native flora (not represented in Fig. 7) . At the landscape level, exotics were found in all vegetation units at approximately similar proportions.
However, they were less tightly associated with particular vegetation units than native species (Table 5) .
Within the Poaceae, the average relative cover of Paniceae and Andropogoneae decreased with latitude, while that of Stipeae and Eragrosteae increased (Fig. 8) . The slight increase of relative cover of Stipeae with latitude was underlain by a stronger turnover of some species: Stipa hyalina and S. charruana, exclusive to the northern inventory, and S. ambigua, exclusive to the southern inventory (Appendix II). C 3 grass cover decreased and C 4 grass cover increased, both by a factor close to 2, along a soil pH gradient of the upper layers from 6.5 to 8.5 (Fig. 9a ). C 3 cover increased and C 4 cover decreased, both by a factor of about 25 -30%, as latitude increased (Fig. 9b) . Thus, the relative importance of these functional groups was more affected by landscape-level soil conditions than by latitude.
Discussion
The combination of quantitative approaches used in this study consistently indicated that edaphic factors associated with subtle topographic features were the principal environmental constraint for the observed variation in vegetation structure of the Flooding Pampa grasslands. Latitude played a secondary role in determining vegetation spatial heterogeneity. Thus, strong local variations in vegetation survived the transition from the landscape to the broader regional scale.
Plant species richness in this region is due to smallscale patterns rather than to regional or alpha diversity. The regional pool of species is smaller than similarly sized areas of comparable latitude around the world (Rapoport 1996) , and the number of species per stand of the richest community type of the Flooding Pampa (42.2, Table 3 ) is lower than average stand-level species richness in the tall grass prairie (50-60, Diamond & Smeins 1988) . In contrast, beta diversity across topographic and salinity gradients in the Flooding Pampa is 3 -5 times larger than beta diversity across topographic or disturbance gradients in the tall grass prairie (Gibson & Hulbert 1987) .
Topography is not strictly an environmental variable, but it acts as a surrogate for a complex array of factors that can greatly influence plant distribution (Whittaker 1960; Austin et al. 1984) . In the Flooding Pampa, an extremely flat plain with a relatively small height range (< 4 m), elevation relates to depth of A1 horizon and soil organic matter content (Batista 1991) , and controls the timing and duration of flooding events (Paruelo & Sala 1990) , which are known to be important filters for plant composition in this and other systems (van der Valk 1981; Chaneton et al. 1988; Hill & Keddy 1992; Weiher & Keddy 1995; Insausti et al. 1999) .
In contrast to other grassland regions (Collins & Glenn 1991) , the Flooding Pampa lacks a distinct group of core species that tend to be present in most sites, and is particularly rich in satellites (i.e. those species that are present in just a small proportion of sites). Across topographic gradients in the Konza Prairie Natural Research Area, about 15-20% of the species pool is found in more than 90% of sites, and 30-40% of the species pool is found in less than 10% of sites (Collins & Glenn 1991) . No species occurred in more than 90% of the sites in our inventories, whereas more than 50% of the species were found in less than 10% of the sites. When smaller areas or smaller amount of habitat heterogeneity were considered, the proportion of species occurring in more than 90% of the sites slightly increased, but never reached the high values expected for a bimodal distribution. Thus, vegetation heterogeneity of the Flooding Pampa follows predictions of the niche-base model of species distribution, even at the small-scale level in which the core-satellite species model is more likely to apply (Collins & Glenn 1991; Brown 1995) . Guo et al. (2000) found bimodal distributions at the same scale as this study (0.25-ha plots) but using subsamples representing 0.16% of the total area of each plot. They suggested that bimodality may have arisen as a consequence of incomplete sampling of the plot, missing many of the rare species whose inclusion would make the distribution much more unimodal. Our results support their suggestion because we worked with complete lists of species, obtained after an exhaustive study of the entire stand, with minor possibility of loss of rare species.
The combination of low richness at the stand level, the lack of common thread of core species across habitats, and the high proportion of rare species, would suggest that the area needed to enclose most of the Fig. 9 Relative cover of C 3 and C 4 grasses, as proportion of total cover, of each vegetation unit, in relation to (a) averaged values of soil pH in the upper layer for each vegetation unit, and (b) latitude, considering only the mesophytic meadow communities, which showed the largest segregation among inventories and correspond to pH = 6.4 in (a). Vertical lines are 95% confidence interval. species pool of the Flooding Pampa should be large. However, the spatial arrangement of habitats is so fine-grained, and beta diversity is so large, that nearly 50% of the species may be found in any portion of about 10 km 2 . We also estimate that an area of 10 km 2 in the central subregion plus two similar areas including a few stands of mesophytic meadows in the northern and southern subregions will enclose approximately 70% of all species.
The impact of regional processes on community composition was only evident among the mesophytic meadows (vegetation unit I) that occupy well-drained, acidic soils. Within this vegetation unit, the relative cover of C 3 and C 4 grasses and overall species composition changed with latitude. Species turnover across a three degree latitude gradient in the tall grass prairie was about twice that among inventories in the Flooding Pampa (Diamond & Smeins 1988) . Thus, both greater landscape diversity and smaller regional diversity contributed to the importance of landscape-level effects in our study. The Flooding Pampa, being oceanic, shows much lower temperature variation than the continental tall-grass prairie and this will reduce the effect of latitude.
However, despite the effect of latitude, the relative cover of C 3 and C 4 grasses is more influenced by soil pH. While relations between functional-type cover and latitude can be attributed to different optimum temperatures for photosynthesis (Black 1973; Ehleringer 1978) , the mechanisms underlying the relations with soil pH are not clear. However, high salt concentration causes osmotic retention of water (Larcher 1995) and C 4 grasses, which we observed in a major proportion in halomorphic environments, have a higher water-use efficiency than C 3 species (Black 1973) and therefore are expected to be more abundant in drier environments (Brown & Simmons 1979; Pearcy & Ehleringer 1984) . Sites of the Flooding Pampa grasslands reached the highest mean percentage error in the prediction of regional distribution of C 3 and C 4 grasses by correlative models based on climatic controls (Paruelo et al. 1998) . It is therefore necessary to include the landscape-scale constraints which translate across scales. In this case, the understanding of scale dependency in community pattern can also greatly improve predictions of vegetation structure and function.
Latitude was also reflected in taxonomy with a latitudinal pattern in the abundance of Poaceae tribes correlating with climatic classifications of these grasses. The Paniceae and Andropogoneae, whose relative cover decreased with latitude, belong to the mega-mesothermic groups (Hartley 1950) and are the dominant tribes in the region of the Campos Cerrados in central Brazil (Burkart 1975) , located between 10° and 20° S. The Stipeae, which increased with latitude, are major components of South American meso-and microthermic grasslands, dominate Patagonian steppes and are absent in the megathermic zones (Burkart 1975) .
The native and exotic flora showed contrasting composition of life-forms and a different breadth of habitat distribution. Previous exclusion studies carried out in a single location showed that grazing promoted the invasion of exotic plant species, largely annuals, introduced after the European colonization (Sala 1988) .
Our results indicate that at any latitude the exotic flora is mainly composed of groups favoured by grazing: 74% of exotic species are annuals, with 75% of these being forbs, while 85% of native species are perennials, and 79% of the grasses are native perennials. Exotic species have therefore invaded these grasslands at a regional scale as a consequence of grazing by domestic animals, as in other regions of the world (Mack & Thompson 1982; Milchunas et al. 1988) . The homogeneous pattern of exotic plant invasion recorded across latitudes would suggest that grazing history acted as a large-scale process that, together with other factors that are nearly constant throughout the region (such as amount and distribution of annual precipitation), generated the context for the expression of smaller-scale processes (Allen & Hoekstra 1991) . Exotic species were important at all positions in the landscape (from 21% to 29%) but they extended over more than one vegetation unit, whereas particular groups of native species had a narrower distribution. Thus, although grazing has increased plant diversity at the stand level by favouring the introduction of exotics and the coexistence of a greater number of native species, it has decreased it at the landscape level because the introduced exotics tend to be less tightly associated with particular positions along topographic or salinity gradients (Sala et al. 1986; Sala 1988 ). This evidence suggests that a Flooding Pampa without livestock would have fewer species but, perhaps, more community types.
The close association between vegetation and landscape suggests that artificial drainage systems that are aimed at altering flooding and salinity regimes will cause strong modifications of regional diversity. The fine-grained packaging of species diversity suggests that most of the heterogeneity at the species level could be conserved by establishing relatively small protected areas, although the minimum area needed to include a given amount of diversity may not necessarily be sufficient for its persistence. Furthermore, our results indicate that the major conservation challenge for this region is not at the species, but at the landscape, level. The spatial arrangement of habitats is much more diverse than the flora.
Our results also have theoretical implications. The core-satellite species model that applies so consistently in the climatically similar tall grass prairie does not apply here, even when observations are restricted to small areas or to more homogeneous sets of samples. This would suggest that the Flooding Pampa grasslands have either a particularly high habitat heterogeneity or species with particularly narrow niches. The species with such narrow distributions, closely matching the subtle topographic or soil features of the landscape, are largely native species, suggesting that evolutionary adaptation has taken place. In contrast, although the more recently arrived invaders are narrow in the sense that they quickly disappear in the absence of grazing, they are generalist in terms of tolerance to drought, flooding or salinity. Finally, the increasing proportion of cool-season and C 3 species as latitude increases must be superimposed on a stronger local pattern associated with topography. These changes in the proportion of functional types suggest that there would be two seasonal waves of primary production: a regional wave, produced by the variation of latitude, and a superimposed local wave from the early spring production in the uplands to a midsummer peak in the lowlands or in the saline habitats. 
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